IT City Research Online
UNIVEREIST; ]OggLfNDON

City, University of London Institutional Repository

Citation: Sakda, N., Ghosh, S., Chitaree, R. & Rahman, B. M. A. (2022). Performance
optimization of a metasurface incorporating non-volatile phase change material. Optics
Express, 30(8), pp. 12982-12944. doi: 10.1364/0e.453612

This is the published version of the paper.

This version of the publication may differ from the final published version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/28165/

Link to published version: https://doi.org/10.1364/0e.453612

Copyright: City Research Online aims to make research outputs of City,
University of London available to a wider audience. Copyright and Moral Rights
remain with the author(s) and/or copyright holders. URLs from City Research
Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge.
Provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is
not changed in any way.




City Research Online: http://openaccess.city.ac.uk/ publications@city.ac.uk



http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk

™ |

Check for
updates

Research Article Vol. 30, No. 8/11 Apr 2022/ Optics Express 12982 |

Optics EXPRESS i N

Performance optimization of a metasurface
incorporating non-volatile phase change
material

NATSIMA SAKDA,2 ® Souvik GHOSH,3 ® RATCHAPAK
CHITAREE,! AND B. M. AZIZUR RAHMAN?

IDeparlmem‘ of Physics, Faculty of Science, Mahidol University, Bangkok 10400, Thailand
2School of Mathematics, Computer Science and Engineering, City, University of London, London EC1V
0OHB, UK

3 Department of Electronic and Electrical Engineering, University College London, London WEIC 6BT, UK
*natsima.sad @ student.mahidol.ac.th; natsima.sakda@ci ty.ac.uk

Abstract: Optical metasurface is a combination of manufactured periodic patterns of many
artificial nanostructured unit cells, which can provide unique and attractive optical and electrical
properties. Additionally, the function of the metasurface can be altered by adjusting the
metasurface’s size and configuration to satisfy a particular required property. However, once it is
fabricated, such specific property is fixed and cannot be changed. Here, phase change material
(PCM) can play an important role due to its two distinct states during the phase transition,
referred to as amorphous and crystalline states, which exhibit significantly different refractive
indices, particularly in the infrared wavelength. Therefore, a combination of metasurface with
a phase change material may be attractive for achieving agile and tunable functions. In this
paper, we numerically investigate an array of silicon cylinders with a thin PCM layer at their
centers. The GST and GSST are the most well-known PCMs and were chosen for this study due
to their non-volatile properties. This structure produces two resonant modes, magnetic dipole
and electric dipole, at two different resonating wavelengths. We have numerically simulated the
effect of cylinder’s height and diameter on the reflecting profile, including the effect of thickness
of the phase change material. Additionally, it is shown here that a superior performance can be
achieved towards reduced insertion loss, enhanced extinction ratio, and increased figure of merit
when a GST layer is replaced by a GSST layer.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Metasurfaces are artificially engineered material which have been widely investigated due to their
exotic optical properties. These properties can be easily customized and modified by two main
factors: (i) considering the arrangement of unit cells which can be assumed as the subwavelength
building block of a metasurface, and (ii) the shape and design of the periodic pattern of the unit
cell [1-4]. The unique properties of metasurface can achieve several superior performances
such as perfect absorption [5,6], extraordinary optical transmission [7] and frequency selective
surface [8,9]. Metasurface can be used in various applications, for example as an absorber
[6,10,11], perfect lens [12], polarizer [13,14], imaging and information process [15—17], and
biological and chemical sensings [18]. However, once the designed device with its attractive
optical characteristics has been fabricated, its property remains unchanged through its usage time.
Such fixed properties can limit the wider implementation of these devices. Therefore, the tunable
metasurface is now a new area of research and several tunable metasurfaces [19-22] have been
studied, either electrically or geometrical parameters scaling tuning.

Phase Change Materials (PMCs) are the materials that have two very distinct states, called
crystalline and amorphous states. These two-phase transitions have drawn considerable attention
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due to their unique optical properties and their fast, agile manipulation of transition process
which can be easily controlled by using a pulse of short duration, in the order of sub-nanosecond
[23,24] for a complete phase change. The transition between crystalline and amorphous states
can be externally excited by using optical [25,26] or electrical pulse [27-29]. Recently, the
phase change material based on chalcogenide alloys, Germanium-Antimony-Tellurium (GST)
has become more attractive because of its non-volatile performance [30], when its stable state
can be maintained without any continuous energy consumption. This opens up a number of new
possibilities, such as phase-change neurons [31,32], phase-change photonic memory [33,34],
phase-change metamaterials and metasurface [35-39]. The majority research of using PCM
is mostly focused on GST, however another new type of PCM, called GSST has recently been
reported by Zhang et al. [40] which particularly shows low loss at the telecom wavelength. This
new PCM material can be created by partially substituting the tellurium in the GST with selenium
atoms, which has a lower optical loss in the crystalline and amorphous states [41,42]. Therefore,
integration of GSST in the metamaterial could lead to an enhanced performance of its switchable
properties.

In this paper, the effects of the geometrical parameters including height, diameter of the
cylinder structure and thickness for GST and GSST have been thoroughly studied. In addition,
the performance of GST and GSST in terms of the reflectance contrast, the Insertion Loss (IL),
the Extinction Ratio (ER) and the Figure of Merit (FOM) are also compared.

2. Designed structure

The schematic design of the unit cell is depicted in Fig. 1(a). The unit cell considered here
is a silicon cylinder with its height, H and diameter, D. A thin phase change material (PCM)
of thickness, T, made from either GST or GSST is inserted in the middle of the cylinder. The
periodically arranged array of unit cells are placed on top layer of a silicon dioxide buffer layer as
shown in Fig. 1(b). Moreover, the incident field that have been used for the numerical simulations
is shown above the periodic pattern, compose of an electric field in the x-direction (Ey) along
with a magnetic field in the y-direction (Hy), and both are perpendicular to the propagation
direction (z) of the wave into the structure.
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Fig. 1. (a) Geometrical structure of the unit cell. The silicon cylinder with height (H) and
diameter (D) and a PCM layer of a thickness (T) at the center. (b) The unit cell is placed on
a silicon dioxide buffer layer.

Here, Fig. 2(a) shows the refractive indices of silicon [43] and silica (SO;) [44] using solid
green and orange lines, respectively. On the other hand, the refractive indices of GST [45] and
GSST [46] are shown in Figs. 2(b) and 2(c), respectively. The real part of their refractive indices
at the amorphous and crystalline states, are shown by solid red and blue lines, whereas, their loss
coefficients, k are shown by dashed red and blue lines, respectively. It can be observed that the
loss coeflicients of the GSST in both the states are much smaller than that of the GST and thus it
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is expected to lead to a higher performance when GST is replaced by GSST, as shown in our

study.
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Fig. 2. (a) Dielectric constant of silicon and silica in blue and orange lines, respectively.
The Refractive indices of both GST (b) and GSST (c) which are used in this study. The red
and blue lines represent material in the amorphous and the crystalline states, respectively.

3. Numerical and optimization process

Numerical analyses of this work start by using the Finite Element Method (FEM) and examining
the reflectance profile and the behavior of resonant wavelengths of this proposed structure.

3.1. Reflectance profile

In this study, we aim to maximize the reflectance contrast between the amorphous and crystalline
states of phase change material. At the start, for bench marking, we considered the reported
work of [45] at the telecom wavelength of 1550 nm. Here, the silicon cylinder structure with its
diameter of 660 nm, height of 198.4 nm, the GST thickness of 15 nm and periodicity of 850 nm
was studied for the reflectance profile of the unit cell. To obtain the agreement pattern and
resonant wavelength at 1550 nm, the diameter and height need to slightly modify from 666 nm to
660 nm and 195 nm to 198.4 nm, respectively.

Two sets of the reflectance spectra are shown in Fig. 3. The reflectance values from our
work for crystalline and amorphous states are shown by red solid and dashed lines, respectively.
Additionally, the reflectance values reported by De Galarreta et al. for the crystalline and
amorphous states are shown by blue solid and dashed lines, respectively. The numerical results
indicate that the designed unit cell provide two resonant modes; one around 1300 - 1350 nm
and another exactly at 1550 nm. The first mode from the unit cell structure has a high value of
reflectivity (0.93) at 1333 nm in the amorphous state (a-state). While GST is changed to the
crystalline state (c-state), the first resonant mode is slightly shifted from 1333 nm to 1331 nm and
the reflectance is also dropped slightly to 0.70. For the second resonant mode, the reflectivity of
a-state is 0.81 at 1550 nm. However, when the phase of GST is changed to the c-state, the second
resonant mode is almost vanished due to a large change in refractive indices (reflectance value of
only 0.14). Our result is in good agreement with the reported one [45]. The resonance at the
higher wavelength is known as Electric Dipole (ED) and at the lower wavelength is known as
Magnetic Dipole (MD). Later on, we will present their dominant field profiles which will help to
understand their behaviors. The unit cell structure has two modes of resonant wavelengths, in
which the first mode remains almost unchanged during the phase transition while the second mode
is changed significantly in the crystalline state. The reflectance difference between amorphous
and crystalline state is commonly defined as reflectance contrast (RC) which is the difference in
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reflectivity between these two phases transitions;

RC =R, - R, 1

where R, and R, are the reflectances of the unit cell structure in the amorphous and crystalline
states, respectively. From the Fig. 3, it is found that the reflectance contrast of the second mode
(at 1550 nm) between the two states is 0.67. The reflectance contrast can be used to evaluate the
performance of a tunable reflector as functions of geometrical parameters. In summary, the unit
cell structure has shown two modes with two different resonant wavelengths. The first mode does
not change much during the phase transition, however, the second mode is changed significantly
in the crystalline state.
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Fig. 3. The comparison of reflectance profiles between the reference paper [45] and the
numerical calculation from this work. The solid lines are a-state and the dash lines are
c-state.

To understand the behavior of these two sets of dipoles, the mode field distribution at these
two peaks are shown in Fig. 4. For the first mode, the electric and magnetic field contours are
shown in Figs. 4(a) and 4(b), respectively. To have a better view of their behaviors, fields close to
the cylinder are only shown. For this mode, in a-GST state, it can be seen that the magnetic field
has maximum values at the center of the Si disk (along the PCM layer) like a fundamental H
mode (Fig. 4(b)). On the other hand, E field value is minimum at the center of the cylinder for
this resonance with a higher order spatial variation (Fig. 4(a)). Therefore, this resonance peak
is known as the Magnetic Dipole (MD). So, for the transition of the PCM to ¢-GST, although
its refractive index is changed significantly in the PCM layer, the modal properties of MD is
only slightly changed (but not shown here) resulting only a small change of the MD resonance.
However, for the second peak, in a-GST state, the maximum E-field is at the center of disk with
its spatial distribution like a fundamental E mode (Fig. 4(c)). Therefore, this resonance peak is
known as the Electric Dipole (ED). The modal properties of the ED peak change significantly
for the ¢-GST state to accommodate the large index change. Due to the large increase in its
metallic behavior, the electric field at the center change significantly and the resulting reflectance
is reduced considerably.
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Fig. 4. The electric and magnetic field distributions: (above) for the magnetic dipole,
(below) for the electric dipole. The rectangular shape drawn by solid lines represent a unit
cell structure.

3.2. Geometrical parameter effect

To study the effects of height and diameter of the unit cell on the resonating wavelengths for
magnetic diploe (Ayp) and electric diploe (Agp), respectively, numerical simulations have been
carried out. As the phase transition of PCM significantly influences the reflectance of electric
dipole, we selectively focus on the resonant wavelength of this electric dipole, Agp.

Variations of the Agp with the diameter for 4 different heights are shown in Fig. 5. It can be
seen that as diameter is increased, Agp values also increased linearly. In addition, it can be noted
that for higher cylinder height, H, the resonant frequency is also higher. This is expected as
for all electromagnetic device its performances can be scaled by dimensions normalized to its
wavelength. Our desired Agp = 1550 nm is shown by a horizontal dash line.

From this, for a given cylinder height, its diameter can be adjusted to have Agp exactly at 1550
nm. Here, the dimensions are selected such that, in all cases, the resonant wavelength Agp = 1550
nm can be achieved. This is clearly confirmed by three geometrical conditions, which are H=215
nm with D =646.8 nm, H=195 nm with D =663 nm, and H= 175 nm with D =684.6 nm as
seen from Fig. 6. The optimization process executed for each height of cylinder with its matching
diameter, so these structures can provide the electric dipole at 1550 nm.

Variations of the reflectance for H=215 nm, 195 nm, and 175 nm are shown in Fig. 6 by blue,
red, and green lines, respectively. Reflectance for a-state and c-state are shown by solid and
dashed lines, respectively. The value reflectances at Agp are calculated as 0.79, 0.81 and 0.81 for
H =215, 195 and 175 nm, respectively, in the a-state. However, in the c-state, the reflectance at
Aep gradually decreases to 0.24, 0.10 and 0.05 when H=215, 195 and 175 nm, respectively. The
reflectance contrast of between the states is 0.74, 0.71, and 0.57, for H=215, 195, and 175 nm,
respectively. The decreasing reflectance in c-state at Agp is due to the shift of Ayp to the higher
wavelengths. The reflectance at a-state for the magnetic dipole were 0.94, 0.93, and 0.91 for
H =215, 195, and 175 nm and shown by solid blue, red, and green lines, respectively. However,
in the c-state (shown by dashed lines), the reflectance at Ayp slightly decreases to 0.72, 0.70, and
0.68. for H=215, 195, and 175 nm, respectively.

Next, variation of the required diameter D for a given height H, to achieve Agp = 1550 nm
is shown by a red curve in Fig. 7. It can be noted that, to achieve the resonant wavelength of
the electric dipole at 1550 nm, with the increasing height, its diameter needs to be decreased.
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Fig. 5. The relation between Agp when varying the diameter of cylinder at the different
cylindrical height.
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Fig. 6. The optimized reflectance for heights and diameters that give the resonant wavelength
of the electric dipole at 1550 nm. Blue, red and green lines represent reflectance from
different pairs of H&D. Solid lines are a-state and dash lines are c-state.
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However, if height of the cylinder increases, the resonant wavelength of magnetic dipole is
significantly affected as shown by a blue line. The magnetic dipole wavelength is shifted to
longer wavelengths directly proportional to the cylindrical height.

720 . , . . . : , : 1450
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Fig. 7. (Red line) The relation between height and diameter. (Blue line) The relation
between height and magnetic dipole resonant wavelength when Agp = 1550 nm. (Considered
when GST takes place in amorphous state)

Apart from considering the reflectivity at the ED resonant wavelength for both amorphous and
crystalline states, there are two more important parameters which can be used to evaluate the
performance of the proposed unit cell reflector, and these can be defined as:

Insertion Loss(IL) = —10logoRy ar hp 2)

and R
Extinction Ratio (ER) = IOIOgIOL)LED 3)
¢ at Mgp
Where R, 4115, and R. 43, are the reflectance of the electric dipole at amorphous and crystalline
states of GST, respectively.

Variations of Insertion Loss (IL) and Extinction Ratio (ER) with the cylindrical height (H) are
shown by red and blue lines, respectively in Fig. 8. The main objectives of designing a switchable
unit cell reflector could be to minimize the Insertion Loss and at the same time, to maximize
the Extinction Ratio. As can be seen from Fig. 8, that around 185 nm height of the cylinder, the
IL is minimum while the value of ER is rather quite low. The ER increases as cylinder height,
H is increased and reaches a maximum value of 28 dB around Height =230 nm. However, the
IL is also dramatically increased. From this figure, a suitable design can be chosen to provide
the optimum performances of the proposed phase change material, as needed for a particular
application.

3.3. Effect of the phase change material thickness

In the previous section, the effect of height and diameter of Fig. 9. The optimized reflectance
profile for GST layer to get the electric dipole at 1550 nm. Blue, red and green lines represent
different T&H conditions. Solid lines are for a-state and dash lines are for c-state. the cylinder
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Fig. 8. The insertion loss (considered from the amorphous state of GST) and the extinction
ratio at the different height (which related to each diameter in Fig. 7) of cylinder of the
electric dipole mode at 1550 nm.
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Fig. 9. The optimized reflectance profile for GST layer to get the electric dipole at 1550 nm.
Blue, red and green lines represent different T&H conditions. Solid lines are for a-state and
dash lines are for c-state.
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were investigated on the reflectance profile, with a 15 nm fixed thickness of the phase change
material layer. In this section, the effect of the PCM thickness is investigated.

Three different thicknesses of the phase change material are considered, 10 nm, 15 nm and 20
nm, and the diameter of silicon cylinder is fixed at 660 nm. This is obvious that the thickness
change of the GST layer also results in the slight shifts of resonating wavelength for both magnetic
and electric dipoles and so the overall height is slightly adjusted to obtain the electric dipole at the
1550 nm. The corresponding H values are 201.2, 198.4, and 195.8 nm when the T was chosen
for 10, 15, and 20 nm, respectively. Variations of reflectance with the operating wavelength for
three different GST thicknesses are shown in Fig. 9. The solid lines represent the reflectance
when GST is in amorphous state while the dash lines show when the GST is in crystalline state.

From Fig. 9, we can observe that the electric dipole, Agp at 1550 nm, as designed. But the
reflectance level is different for each GST thickness and these values are 0.86, 0.81, and 0.76
for 10 nm, 15 nm, and 20 nm of GST thicknesses, respectively, in the amorphous state. It can
be noted that the loss is lower for smaller thickness of GST. As the GST phase is changed to
the crystalline state, the electric dipole mode is nearly vanished as expected. Moreover, we can
observe that the magnetic dipole that located at the shorter wavelength is shifted to the longer
wavelength when the thickness of GST is thinner. The reflectivity at 1550 nm in c-state are 0.1,
0.14, and 0.17 for the thickness of 10 nm, 15 nm, and 20 nm, respectively. It can be observed
that a lower thickness of GST provides a better performance.

Variations of the Insertion Loss (IL) and Extinction Ratio (ER) with the GST thickness are
shown in Fig. 10, by red and blue curves, respectively. In this case, D was fixed at 660 nm,
however, H was adjusted to achieve the Agp to be exactly at 1550 nm. It can be observed that as
the GST thickness reduces, the insertion loss also reduces, and the extinction ratio increases. This
suggests that the GST layer thickness should be reduced to obtain a better performance of the
proposed structure. However, it may be difficult to fabricate a very thin PCM layer and the effect
of a small change in the thickness would result in a large change in the unit cell performance. So,
for further investigations, a moderate value of T =10 nm is chosen.
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Fig. 10. The insertion loss (considered from the amorphous state of GST) and the extinction
ratio at the different GST Thickness of the electric dipole mode at 1550 nm.
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Recently, is has been reported that [41,42] the loss of GSST is significantly lower compared
to the more established GST at the telecom wavelengths. Next, the effect of the phase change
material by replacing the GST with GSST is studied. However, as expected, by replacing the
GST by GSST, the reflectance peaks for both magnetic and electric dipoles will shift to a shorter
wavelength. Therefore, the optimization process was performed in order to adjust the electric
dipole to be located exactly at the 1550 nm. The thickness of replacing GSST was selected as 10
nm. The optimized geometrical parameters that generated the required reflectance spectrum are
H =208 nm and D = 660 nm.

Figure 11 shows the reflectance profile of the proposed structure with red solid lines for
a-GSST and dashed lines for c-GSST. The performance of this structure shows a very high
reflectivity in amorphous GSST for both magnetic and electric dipoles at 1360 nm and 1550 nm
with reflectivity of 0.996 and 0.96, respectively, which is due to low loss coefficient of GSST.
When the phase transition of GSST is changed to crystalline, the Ay still has a reasonably high
reflectivity of 0.9 at 1362 nm. However, the reflectivity at the Agp =1550 nm in c-state is very
low with a value of 0.02. This clearly provides a significant reflectance contrast between a-GSST
and ¢-GSST states (RC =0.94). Figure 11 also shows the comparison between the result in this
study (illustrated in red solid and dashed lines) to the one reported in [45] shown by blue solid
and dash lines. For the magnetic dipole, even though, their resonant MD modes do not match,
our proposed structure offers a significantly higher reflectivity for both the phase transitions.
Moreover, for the electric dipole, not only the reflectivity at 1550 nm is higher in a-state but
also lower in the crystalline state. Subsequently, this leads to a greater reflectance contrast. The
benchmark performance for the proposed unit cell are calculated at the insertion loss of only 0.18
dB and the extinction ratio of 16.8 dB.
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Fig. 11. The reflectance profile comparing between the proposed GSST included unit cell
and the reflectance profile from the reference work [45]. Solid lines are for a-state and
dashed lines are for c-state.

Figure of Merit (FOM) is one key parameter that can be used to describe the PCM performance.

The FOM is defined as ER
FOM = — 4
1L (€]
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Where the ER and IL are the extinction ratio and the insertion loss as already defined in Egs. (2)
and (3). The summary of the proposed PCM performance based on all mentioned structures in
this work in comparison to the reference research [45] is shown in Table 1.

Table 1. The comparison performance of the unit cell
structures that have been designed in this work

Hmm) D@mm) T (nm) IL(dB) ER(B) FOM
[45] | 195 666 15GST)  1.02 10.5 10.3
1 215 646.8  15(GST)  1.02 12.0 1.2
2 2012 660 10(GST)  0.66 93 14.1
3 208 660 10(GSST) ~ 0.18 16.8 933

The first condition (1) is when the height of the cylinder was significantly reduced and the
radius was adjusted to achieve the same Agp = 1550 nm, and result was shown in Fig. 8. The
second condition (2) is when the thickness of GST was decreased to 10 nm and also the height
and diameter were optimized to achieve Agp = 1550 nm and this was shown in Fig. 9. Finally, the
third condition (3), when the GST layer is replaced by the GSST in which the PCM thickness
equal to 10 nm was shown in Fig. 11. From the summary table, we can observe that the most
promising unit cell structure is from the third condition. This is because IL is minimized and ER
is maximized at the same time and subsequently FOM becomes the maximized.

4. Conclusion

In this work, we have focused on the numerical study of a controllable reflector incorporating
silicon cylinder with PCM at the center. The main characteristic of reflectance spectrum is the
two resonant wavelengths when the phase change material (which is placed at the middle of
cylinder) is in the amorphous state. These two modes are identified as the magnetic and electric
dipoles from the field distribution at these resonances. When the PCM is changed the phase into
crystalline state, the magnetic dipole remains nearly the same. However, the electric dipole is
strongly affected as the refractive index become more metal like and perturbs the high electric
field near the PCM layer. The controllability of the electric dipole allows the PCM to operate as
a switchable mode reflector. Therefore, the electric dipole is mainly considered in this study.
The effect of geometrical parameters, the PCM thickness and also the type of PCM have been
investigated to optimize the reflectance profile. The performance of the structure is characterized
by the reflectance contrast (RC), the insertion loss (IL), the extinction ratio (ER) and the figure of
merit (FOM).

The aim of this study is to fix the electric dipole resonance at 1550 nm because its important in
the telecommunication. However, the design optimization can be carried out for any wavelength
as desired. The numerical results show that by increasing the height, the diameter needs to be
decreased in order to optimize ED at 1550 nm. When the height is 215 nm and diameter is
646.8 nm led to better performance with IL = 1.02 dB and the ER = 10.5 dB. We also have shown
thinner PCM thickness yields better performance of the reflector. Finally, we also have shown
that by using GSST instead of GST, the device performance can be further improved.
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